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using these models (which is difficult to do in humans) is critical in understanding the dietdisease relationships.
The physiological functions of polyenoic lipids have been extensively studied since the discovery of essential fatty acids [1, 2] . Over the intervening decades, their nutritional benefits have been expanded from their roles as structural components of cellular membranes to other roles in cell signaling, health, and disease. Two families of polyunsaturated fatty acids (PUFA) have predominated the literature over the last 50 years, the n-3 and n-6 PUFA. The importance of these two polyunsaturated fatty acids in acute and chronic diseases cannot be overstated. Accordingly, our ability to explore their physiological effects in rodent models and apply this information to humans requires our ability to translate exposure from one species to another.
N-6 AND N-3 POLYUNSTURATED FATTY ACIDS AND THEIR METABOLISM
There are two major families of PUFA, the n-6 and n-3 families. Placement of their double bonds are at three carbon intervals, with cis configurations, at similar locations in fatty acids of the same carbon length regardless of family (Fig. 1 ). The only difference is the location of the initial double bond from the methyl end. PUFA in the n-3 family have a double bond 3 carbons from the methyl end, while PUFA from the n-6 family do not possess the double bond at carbon 3 from the methyl end. Therefore, the first double bond begins at the 6 th carbon. Because mammals do not have the capacity to insert double bonds beyond the 9 th carbon from the carbonyl end, n-6 and n-3 PUFAs are not metabolically interconvertible. . Metabolic pathways for n-6 and n-3 polyunsaturated fatty acids. Abbreviations: ARA, arachidonic acid; ALA, alpha linolenic acid; DGLA, dihomo-gamma-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; ETA, eicosatetraenoic acid; LA, linoleic acid; GLA, gamma linolenic acid; SDA, stearidonic acid (as published previously [3] ). Linoleic (18:2 n-6, LA) is the major PUFA in the diet (12 g/d-17 g/d; ~6% of energy) and is the parent compound for the rest of the n-6 PUFA family [4] . Arachidonic acid (20:4 n-6, ARA; 170-200 mg/d; ~0.07% energy), arguably the most important PUFA associated with membrane phospholipids, is a downstream metabolite of LA. If there is a dietary deficiency in n-6 PUFA, supplementation of LA will restore tissue levels of ARA.
Alpha-linolenic acid (ALA, 1.1 g/d-1.6 g/d; ~0.65% energy) is the parent fatty acid for the n-3 family of fatty acids. This essential fatty acid is rapidly and efficiently elongated and desaturated to the more biologically active eicosapentaenoic acid (20:5 n-3, EPA) and docosahexaenoic fatty acid (22:6 n-3, DHA) under conditions of insufficiency. DHA is the preferred metabolic endpoint. Dietary amounts of EPA+DHA are estimated to be ~200 mg/d (~0.10% energy) and are potent antagonists of ARA.
A major concern with regards to dietary n-6 PUFA, in particular LA, is their potential conversion to ARA. The levels of ARA in the tissues are significantly correlated with the production of a variety of bioactive eicosanoids [5] . When produced chronically and at elevated levels, these compounds have been associated with chronic diseases, including cardiovascular disease (CVD) [6, 7] , cancer [8, 9] , and inflammatory disorders [10] , raising concerns about the health effects of n-6 PUFA, in particular LA and ARA.
On the other hand, n-3 PUFA, particularly those found in fish and fish oil (e.g., EPA and DHA), interfere with the metabolism of arachidonic acid by acting as competitors of enzymes associated with the arachidonic acid cascade. Many of the beneficial effects of n-3 PUFA have been attributed to their ability to antagonize ARA signaling. When investigating the health impacts of n-6 and n-3 PUFA, it is critical to establish reliable mechanisms that can be translated to humans. Frequently, this is left to pre-clinical models and is dependent upon appropriate rodent diets and allometric scaling.
The goal of this paper is to investigate a mathematical model for the allometric scaling of dietary PUFA between mice and humans using similar endpoints, with the hypothesis that equivalent physiological changes support the use of the mathematical model.
ALLOMETRIC SCALING MODELS
There are two major mathematical models typically used for allometric scaling of nutrients between species: body weight in kilograms (BW kg ) and some aspect of metabolic rate (MR) based on the relationship of energy expenditure and body surface area, the latter of which is described in the equation: k (constant) (BW kg ) x , where k is a constant for a particular species and x is an exponent that falls between 0.6 and 0.8 [11, 12] .
Body weight: Extrapolations based on body weight are mathematically simple, easy to use and relatively uniform between species. For example, the weight of mice typically ranges between 15-40 g, while humans are more than two orders of magnitude heavier (typically, 50-120 kg). The major drawback with using the difference in body weight is that there is a linear relationship trying to normalize a non-linear phenomenon (nutrient requirement between species, as described previously [11] ). For example, the conversion factor for a C57BL/6 mouse that weighs 25 g to a human that weighs 70 kg is 2800. If a mouse consumed 4.6 g/d of AIN76A diet, it would be consuming a dose of LA of 0.14 g/d (AIN76A contains 5% corn oil (w/w), of which LA is 60%). Based upon extrapolation of BW, the rodent is consuming a human equivalent dose of 386 g/day. Extrapolating intakes in the other direction, from humans to mice, the mouse would become essential fatty acid deficient (e.g., 15 g LA/d for humans divided by 2800 = 0.0054 g/d for a mouse). Clearly, allometric scaling of essential fatty acids using differences in BW results in an over-estimation when extrapolating from mice to humans, and an underestimation when the extrapolation is in the other direction (humans to mice).
Metabolic rate: Extrapolations of nutrients based on metabolism have their origins with those who originally investigated mathematical models that linearized basal metabolic rate between species of different sizes (as reviewed by Rucker [12] ). Body surface area was an important consideration in the generation of these formulas, as metabolic rate is proportional to body surface area (known as the Surface Law) [13] . These formulas were designed to mathematically explain this relationship, where Kleiber (1947) proposed the following formula for mammals and birds: M = 70.4(BW) 0.75 where M was the metabolic rate in kilocalories, BW is body mass in kilograms. At the time, 0.75 selected as an approximation because it could easily be used with a slide ruler (an earlier version of a hand-held calculator) [13] . Others suggested that the basal metabolic rate based on body surface area was better defined using 0.67 as the exponent [14] . These formulas were designed to explain the relationship between metabolic rate and body size, but not nutrient intake. However, it was proposed that food components and essential nutrients could also be expressed in terms of "metabolic body size" [13] . This concept was used to develop a formula for nutrient extrapolations between species based on body surface area [15] :
where mg is the daily intake of a nutrient, BW is body mass in kilograms, and Km is a speciesdependent multiplication factor (Km for a mouse is 3, and Km for an adult human is 37). This formula was derived from a 2002 report published by the Food and Drug Administration [16] , which was based in part on the earlier work of Freireich et al. (1966) [17] . This formula utilized body surface area and was originally designed as a tool to determine safe doses for new chemotherapeutic agents based on a percent of the lethal dose (10%) in preclinical models (as delivered intraperitoneally) compared with the maximum tolerable dose in human patients (provided intravenously). In 2002, Rucker and colleagues proposed that the extrapolation of nutrients (vitamins and minerals) between species could be scaled based on energy needs [11, 18] :
"We suggest that when making interspecies comparisons from a nutrition perspective, the strongest case is made when a measure of metabolic body size or food intake, rather than body weight, is used to extrapolate the dosages required for a given response" [11] .
Based on this work, we compared the different allometric models for the scaling of essential nutrients from standardized rodent diets (i.e., AIN76A, AIN93G and AIN93M) with human recommendations as outlined by the Dietary Reference Intakes (DRI) ( Table 1 ) [19] .
These data demonstrate that extrapolating the levels of dietary PUFA (LA and ALA) in the various rodent diets matched most closely with the DRIs when allometrically scaled using the "metabolic rate".
Furthermore, similar results were observed when the same scaling methods were used with the micronutrients, where scaling based on metabolic rate best matched the US DRI values when compared to using body weight, body surface area (BW 0.67 ), or the formula outlined above [15] . It should be pointed out that the nutrient compositions recommended for the AIN76A, AIN93G, and AIN93M diets are based on the fundamental physiological needs of the animals, or that they were originally formulated to adequately support growth, reproduction, and lactation (with AIN93G and AIN93M diets being improvements to the AIN76A diet) [20, 21] . This is not unlike the DRI recommendations proposed by the Institute of Medicine [19] , where nutrient recommendations are designed to maintain health in a normal population.
These comparisons provided the rationale for testing interspecies scaling of dietary PUFA using metabolic rate as the converting factor with an endpoint of changes in tissue fatty acid composition. This outcome measure was used because it reflects physiological function and there is sufficient human data for appropriate interspecies comparisons. Table 1 . Human equivalent doses of micro-and macronutrients in AIN76A, AIN93G, and AIN93M diets as converted by different formulas and compared to the US DRI.
Nutrients were extrapolated based on metabolic rate in calories 
CURRENT PROBLEMS WITH EXPERIEMNTAL DESIGNS
There are four major problems in literature with regards to designing rodent diets when evaluating the impact of n-3 and n-6 PUFAon health outcomes using pre-clinical experimental animal models. 1. When studying the effects of n-3 PUFA, it is common to eliminate all n-3 PUFA in the background/control diet to control for "confounding". This is typically done by using a control diet devoid of n-3 PUFA. For example, a common control diet that is used is the AIN76A diet contains 5% corn oil as the lipid source. The rationale for this is logical. Any changes as a result of supplementation of n-3 PUFA, in place of corn oil, can reasonably be attributed to the addition of the n-3 PUFA. Many of the effects of dietary PU FA have found their roots in the classic studies by , who supplemented fat-free rodent diets various doses of a variety of PUFA and evaluated their effects on tissue fatty acid composition [22] [23] [24] .
2. The second problem deals with other PUFA that may or may not be included in the background/control diet because these PUFA can influence the results. For example, with the exception of vegans (individuals who do not eat or use animal products), the human background diet contains highly unsaturated fatty acids in the form of ARA, EPA, and DHA, but the rodent background/control diet rarely contains these fatty acids. The most common semi-purified diets used in rodent experiments are AIN76A, AIN93G, and AIN93M and the lipid fractions are derived from either corn oil or soybean oil. The only PUFA in these diets are ALA and/or LA. "Chow" diets typically contain soybean oil as the lipid source, but the lipid source and amount can vary. Selected papers where alpha-linolenic acid (ALA) (solid bars) or long chain (LC) n-3 PUFA (hatched bars) were supplemented to rodents on corn oil-based diets. Amounts supplemented are based on % energy in the diet. For reference, the typical intake in the US population for ALA and the American Heart Association (AHA) recommendations for LC n-3 PUFA are presented (based on % energy).
3. The third problem resides in the doses used. The diets of rodents are designed to generate "positive" results, not to investigate whether the results have translatability. Accordingly, diets are supplemented with exorbitant amounts (pharmacological doses) of the PUFA of interest (i.e., pharmacological doses of n-3 PUFA to a background diet devoid of n-3 PUFA). This occurrence is summarized in randomly selected papers where the investigators supplemented ALA and long chain (LC) n-3 PUFA to n-3 deficient diets at levels as high as 23% of energy (%en) and 16%en respectively (Fig. 2) . This compares to typical US intakes of 0.63%en for ALA and 0.1%en for LC n-3 PUFA [19] , or the recommended intakes of 0.23en% for EPA+DHA by the American Heart Association (AHA) (~500 mg/d) [25] . Sometimes dose-response curves are generated, with the dose that has a significant impact being selected for further study. Rarely are levels selected based on human equivalent doses.
4. Finally, the rodent model itself creates a challenge. The composition of DHA in a variety of tissues (heart, skeletal muscle, liver, kidney) decreases as body size increases, even though the total number of unsaturated fatty acids in the tissues remain constant (the noted exception, the brain, where DHA levels remain constant regardless of body size) [26] . This decrease is primarily related to compensation by monounsaturated fatty acids (increase), as the n-6 PUFA content remains relatively constant. These effects correlate with metabolism, suggesting the higher metabolic rates of small rodents influence the elongation and desaturation of precursor n-3 PUFA to a greater extent compared with humans. This means that dietary ALA and EPA will have a greater impact on changing tissue DHA levels in rodents depending upon levels of PUFA in the background diet.
WHAT IS KNOWN ABOUT THE IMPACT OF DIETARY PUFA ON LEVELS OF TISSUE PUFA IN HUMANS?
A systematic review of the human literature revealed that changes in dietary LA has relatively little impact on tissue ARA levels, regardless of the amount supplemented or withdrawn [27] . This contradicts many unsubstantiated claims that tissue ARA content and its downstream metabolites are positively influenced by dietary LA (as reviewed in [27] ). Similarly, supplemented levels of dietary ALA on top of a typical Western diethave no effect on the tissue levels of DHA, and only begin to have effects on changing EPA levels when supplemented to the diet at doses greater than 3 g/d [3, 28] . This data suggests that if you want to significantly influence tissue levels of EPA, one would have to consume ALA at doses beginning at ~4.4 g/d (typical intake of 1.4 g/d + supplementation of 3 g/d). Because the rate-limiting step in DHA formation (delta-6 desaturase) is inhibited under conditions of a Western diet, even the consumption of EPA fails to influence tissue levels of DHA [3, 28] . Arachidonic acid is a PUFA that is only found in animal products, primarily animal tissue (terrestrial meats and organs, fish and eggs) [29] . When consumed, the ARA content of tissues increases. Significantly, this incorporation is at the direct expense of LA [30] . Accordingly, dietary ARA and tissue levels of LA have an inverse relationship.
If the dietary design of pre-clinical models (i.e., rodents) is to be translated to humans, certain criteria should be met based on outcomes that are comparable between species, in this case, changes in tissue fatty acid composition. For translation, the following effects should occur when the underlying background diet (control diet) is supplemented with the PUFA of interest (experimental diet).
1. Following supplementation of ALA to the diet, tissue DHA levels shouldn't change. 2. Following supplementation of EPA to the diet, tissue DHA levels shouldn't change. 3. Following supplementation/removal of LA to/from the diet, tissue ARA levels shouldn't change. 4. Following supplementation of ARA to the diet, tissue LA levels should be reduced in a dose-dependent manner.
If any of these criteria are not satisfied, the dietary design lacks translatability.
ALLOMETRIC SCALING OF DIETARY PUFA BETWEEN MICE AND HUMANS BASED ON METABOLIC RATE
Critical to this kind of study is the experimental design, specifics of which have been presented in detail elsewhere [27, 31] . Briefly, the rodent diets (Research Diets, New Brunswick, NJ) were designed to mimic the recommendations for the US diet (DRIs) using the following energy distribution of macronutrients: lipids at 34%en, proteins at 16%en, and carbohydrates at 50%en (Table 2 ). In regards to the dietary lipids, the rodent diets mimicked the distribution of saturated (13%en), monounsaturated (14%en), and polyunsaturated fats (~7%en) ( Table 2 ). The PUFA in the control diet were also provided at levels equivalent to those in the US diet with the following distribution: LA (6.3%en), ARA (0.07%en), EPA+DHA (0.1%en), and two different doses of ALA (0.65%en and 1.3%en In studies evaluating allometric scaling of n-3 PUFA, these diets were supplemented with three doses of ALA or EPA (0.3%en, 0.8%en and 1.4%en) with two background doses of ALA (0.65%en or 1.3%en) ( Table 3 ). These two background doses were chosen because of the greater capacity of rodents to metabolize n-3 PUFA to EPA and DHA and incorporate them into tissues [26] . For the studies evaluating dietary n-6 PUFA, diets were supplemented with either LA at 5 doses (minus 2%en, 2%en, 4%en, 6%en, and 8%en) or ARA at 3 doses (0.23%en, 0.45%en, 1.36%en) (Table 4) , with oleic acid being the control in all experiments. These levels are similar to those suggested in the literature for humans on a Western diet [29, 32, 33] and/or supported by the DRIs for median daily intakes [19] . All diets remained isocaloric and were verified with fatty acid analysis. All mice were maintained on the control diet for one week to equilibrate the tissues (previous experiments in our lab demonstrated steady state levels of tissue fatty acids are achieved within 1 week), and then placed on the experimental diets for an additional four weeks. After that time, the animals were sacrificed and plasma and erythrocyte fatty acid compositions were determined as described previously [31] . (Note: All animal procedures were approved by the University of Tennessee Animal Care and Use Committee in accordance with NIH guidelines.)These data were then compared to similar data generated in humans participating in clinical trials [27] . For a complete list of those studies, please see references [3, 27] .
The impact of supplementing n-3 or n-6 PUFA on changes in tissue phospholipid content in humans N-3 PUFA Supplementation. With regards to the impact of dietary n-3 PUFA, when humans who were consuming a typical Western diet are supplemented with increasing levels of ALA, the impact on plasma phospholipid EPA concentrations can be defined with the following equation: y=41.6log(x)+58.8, where "x" is the level of "supplemented" ALA to the diet (%en) and "y" is the change in tissue EPA content (% change from baseline) (Fig. 3A, squares) [3] . When human diets were supplemented with increasing levels of EPA, the impact on plasma phospholipid EPA concentrations can be defined with the following equation: y=108.3log(x)+378.2, where "x" is the level of "supplemented" EPA to the diet (%en) and "y" is the change in tissue EPA content (% change from baseline) (Fig. 3A, diamonds) . When increasing amounts of ALA were supplemented to the diets of individuals consuming a typical Western diet, tissue DHA levels do not change, regardless of the amount supplemented (Fig. 3 B) . Similarly, supplementation of EPA had no effect on DHA levels (as previously published in reference [3] ), data that is consistent with the literature [28] . However, DHA supplementation increased plasma phospholipid DHA concentrations in a dose-dependent manner and this relationship can be defined by the following equation: y=17.08log(x)+83.76 (Fig. 3B,  diamonds) . Similar results were observed with changes in erythrocyte phospholipids following supplementation (data not shown).
N-6 PUFA Supplementation. With regards to the impact of dietary n-6 PUFA, when humans who are consuming a typical Western diet are supplemented with increasing or decreasing levels of LA, plasma phospholipid levels of ARA do not change, regardless of the amount supplemented (up to 600%) or reduced (by 90%) (Fig. 4A, diamonds) . Similar results were observed with changes in erythrocyte phospholipids following supplementation [27] . However, when ARA was supplemented to diets to individuals consuming a Western diet, tissue ARA levels increased in a dose dependent manner (Fig. 4B, diamonds) . The impact of supplementing n-3 or n-6 PUFA on changes in tissue phospholipid content in mice as compared to humans Mouse background diets were designed to mimic the US diet as per the DRIs, based on % energy (Table 2) . They were supplemented with n-3 and n-6 PUFA at human equivalent doses (based on % energy). Changes in phospholipid fatty acids were determined, and the changes in the PUFA content of plasma and erythrocytes are presented in Tables 3 and 4 (data in Table 4 is derived from reference [31] ). These data were then compared to the human data ( Fig. 3C and D, and Fig.  4) .
N-3 PUFA Supplementation. When mice, on background diets that mimicked the US diet, were supplemented with ALA, tissue responses were similar as that observed within humans at the same supplemented dose, but only when the background levels of ALA were twice that of the DRIs for ALA (i.e., 1.3%en versus 0.65%en) ( Table 3 , Fig. 3C ). When the background diets contained ALA at a level of 0.65%en versus 1.3%en, the mouse tissues exhibited significantly higher changes in EPA and DHA (Table 3) . It looks as if the difference is the result of the starting EPA and DHA values in the tissues of the Control animals (higher in the 1.3en% diets), as there appears to be a tissue threshold for DHA following supplementation. Similar results were observed with supplementation of EPA, as the results in mice were most similar to the human data only when the background diet contained ALA at a level of 1.3%en (Fig. 3D) . These results also appear to be related to the differences in the Control tissues following supplementation of ALA at 0.65%en or 1.3%en (Table 3) . As observed with ALA, there appeared to be a response threshold for DHA following EPA supplementation (Table 3) . The experimental diets were supplemented with ALA or EPA at three doses (0.3%en, 0.8%en and 1.4%en) for 4 weeks. Data presented as mole % of total fatty acids (mean±SEM) and were compared across treatment groups using a one-way analysis of variance (ANOVA), followed by Tukey's Honestly Significant Difference (HSD) post-hoc test to determine significant differences between groups. All data were tested for normality, homogeneity of variance, and for outliers. The data were evaluated by SPSS 18 statistical package (University of Tennessee, Knoxville, TN). Different superscripts within the same row are statistically significant, p<0.05. ALA, alpha-linolenic acid; EPA, eicosapentaenoic acid. N=4-5/group. N-6 PUFA Supplementation. When mice, on background diets that mimicked the US diet, were supplemented with LA, tissue responses for ARA were similar as that observed with humans. For example, increasing or decreasing LA has little impact on changing tissue ARA content (Table 4 , Fig. 4A ). Following supplementation with ARA, the changes in ARA content in mouse tissues were less responsive thanthat observed in humans when human diets were supplemented with ARA (Table 4 , Fig. 4B ).
SUMMARY AND CONCLUSIONS
If the interest is to only investigate the positive physiologic or mechanistic impacts of dietary PUFAs in pre-clinical models, then diets can be designed to maximize positive results following a dose response. For example, if the desire is to observe a positive effect with dietary LA or ALA, animals could be provided background diets devoid or depleted of PUFA [22, 23] , or animals could be provided background diets devoid of n-3 PUFA (i.e., AIN76A) when investigating the effects of ALA, EPA, or DHA, and/or they could be supplemented with pharmacological (or higher) doses. If the interest is to generate data with the intention that the results could have some translation value, the design of the diet would be much different. In general, when rodents are used in dietary experiments, they are from the same strain, the same breeding colony, are genetically similar, eat the same amount and the same food, have identical living conditions (circadian rhythm, housing), same exercise patterns, etc., while treated with pharmacological doses of the experimental nutrient. However, humans are genetically diverse, ethnically and culturally diverse, consume different diets and different amounts, have diverse living conditions (circadian rhythm, housing) and different exercise patterns, etc, yet they are provided much lower doses ("human equivalent dose"). The Western diet contains EPA, DHA, and ARA, while the major commercial rodent diets are devoid of these fatty acids. Could this be a mitigating factor when responses in humans do not match those observed in rodents? for allometric scaling. When comparing the extrapolation of all nutrients in a rodent diet (macroand micronutrients), extrapolation based on differences in metabolic rate was found to be most closely associated with the US DRIs, and therefore should be a seriously considered model. With regards to dietary PUFA, other factors may also be considered. There appears to be a difference in the need of DHA when moving between species of different size. Smaller mammals have a higher metabolic need for DHA in their tissues [26] . Therefore, changes in their tissue levels of LC n-3 PUFA are enhanced when their diets are supplemented with ALA or EPA even though the background diets already contain ALA, EPA, and DHA -effects not observed in humans. Accordingly, even with the most conservative design, an exaggerated response is still possible. Doubling the ALA content in the background diet (from 0.65%en to 1.3%en) was one way of trying to better match the changes in the tissue PUFA profiles, doing so seemed to "prime" the tissues with EPA and DHA. It is unknown if this is appropriate or if this modification will help to minimize "false positive" results.
Our results show that if mice are fed a background diet that mimics the US diet and supplemented with human equivalent doses of LA, there are observable human equivalent responses with regards to changes in tissue ARA content. Consequently, it is possible to generate similar responses in rodents as observed in humans (no changes in tissue ARA content) without supplementing the background diet with ARA (which is very expensive) by providing sufficient amount of LA to the background diet [30] . It appears that while rodents have a higher need for DHA, they don't seem to have the same response to dietary ARA in changing tissue ARA levels. This may speak to need of rodents to have higher n-3 to n-6 ratios in their tissues.
On a practical note, based on the data presented here, there is a distinction that can be made between the major commercial diets given the fact that none of them contain LC PUFA (i.e., ARA, EPA and DHA). There are commercial diets that contains the nutrient distribution outlined in Table 2 (absent the ARA, EPA and DHA) at a cost equivalent to other commercial diets [31] . Regarding the AIN76A, AIN93G, and AIN93M diets, AIN76A contains no n-3 PUFA. Accordingly, animals will be fed an essential fatty acid deficient diet. Of the other two diets, AIN93G contains a higher amount of ALA (3.8% w/w versus 2.2% w/w in the AIN93M diet). Thus, this may help to moderate an exaggerated response when additional n-3 PUFA are being added to diets. Certainly, using BW 0.67 or the "formula" presented earlier appear to be almost as good as metabolic rate (Table 1) , which would, in this reviewer's opinion, be adequate substitutes.
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